Analytical empirical potential energy surfaces describing the van der Waals interaction between rare-gas atoms and cyclopropane are presented. The functional form is based on pairwise Lennard-Jones-type potentials which have been widely used to describe rare-gas-benzene complexes, also studied in this work in order to check our theoretical method and for comparison. The parameters have been chosen in order to accurately fit the high resolution microwave spectra recently reported by Xu and Jäger ͓J. Chem. Phys. 106, 7968 ͑1997͔͒. The observed splitting in the microwave spectra of Ne-cyclopropane, associated with rotational tunneling, is well reproduced. Moreover, such tunneling is also important for complexes of Ar and Kr in excited van der Waals states. These phenomena involve a high delocalization of the wave functions and, therefore, intermolecular spectroscopy techniques would provide a good check of the potential energy surface over a broad region of the configuration space.
I. INTRODUCTION
In the last few years, the study of clusters involving aromatic molecules, particularly rare gas-benzene complexes, have received a renovated interest due to the development of several kinds of experimental techniques, such as high resolution and high sensitivity microwave spectroscopy, [1] [2] [3] ionization-detected stimulated Raman spectroscopies, [4] [5] [6] rotationally resolved ultraviolet ͑UV͒ spectroscopy 7, 8 or high resolution coherent ion dip spectroscopy. 9, 10 Benzene is a prototype of aromatic systems, and because of its simplicity and high symmetry, its complexes with raregas atoms have been well studied theoretically. [11] [12] [13] [14] [15] [16] [17] [18] [19] One of the most interesting aspects of such theoretical studies is the determination of potential energy surfaces ͑PES͒ describing the van der Waals interaction. Recently, realistic PES's have been empirically obtained from microwave data. 3 These PES's provide a good description around the equilibrium configuration as has been confirmed by recent intermolecular spectroscopy studies. 6, 10 The empirical potential energy surfaces for rare-gas atoms-benzene dimers 3 include three-body terms depending on the distances between the rare-gas atom and two carbon atoms of benzene. This is consistent with some theoretical treatments of the dispersion energy on these systems, 13 in which it is found that contributions arising from electrons can not be expressed as simple sums of pairwise terms, especially at planar configurations.
On the other hand, high resolution microwave spectra have been recently obtained for complexes of rare-gas atoms with cyclopropane. 20 It was found that for clusters of Ne there was a splitting that could be explained by rotational tunneling of the Ne atom around the cyclopropane ring. In such a situation the ground van der Waals state of Necyclopropane explores configurations in which the Ne is in the carbon ring plane. In cyclopropane, the angle between two carbon-carbon bonds is of 60°, due to symmetry requirements, far from the expected 120°of a typical sp 3 hybridation of the electronic orbitals of the carbon atoms. This situation yields a small overlap between the orbitals describing two carbon-carbon bonds, and originates a small aromatic character of cyclopropane. Even when cyclopropane is a pseudoaromatic system, this situation might help to understand how important these three-body terms are, mainly near the equilibrium configuration.
In this work, empirical potential energy surfaces which reproduce the high resolution microwave spectra of clusters of rare-gas atoms and cyclopropane 20 are proposed. Since the binding energy for these complexes is of the order of a few hundreds of cm
Ϫ1
, it is necessary to achieve highly accurate energy levels in order to simulate the microwave spectra ͑of the order of thousands of MHz͒. The procedure is shown in Sec. II. The potential energy surfaces, based on LennardJones-type functions, are described in Sec. III, together with an analytic Fourier expansion for the azimuthal angle describing the interaction of the rare-gas atom with benzene or cyclopropane. The resulting microwave and intermolecular spectra are discussed in Sec. IV and compared to those of benzene complexes. Finally, Sec. V is devoted to some conclusions.
II. THEORETICAL TREATMENT
In the kind of complexes under study, benzene and cyclopropane can be considered as rigid rotors due to the large mismatch between the fast intramolecular frequencies and the slow intermolecular motions associated with the van der Waals interactions. Within this approximation, since benzene and cyclopropane are oblate symmetric tops, the Hamiltonian takes the form
͑1͒
where ĵ and ĵ z are the angular momentum of the rigid rotor and its projection on the principal axis of largest inertia moment, respectively. The A and C rotational constants are obtained from high resolution microwave spectra for benzene 21, 22 and for cyclopropane. 23, 24 R is the vector joining the rare-gas atom to the center of mass of the rigid rotor, l, and being the corresponding angular momentum operator and reduced mass, respectively. Finally, in Eq. ͑1͒, V(R,,) is the intermolecular interaction potential depending on R, expressed in polar coordinates in the rigid rotor body-fixed frame, in which the z-axis is perpendicular to the carbon ring plane and the x-axis is parallel to the vector that joins the rigid rotor center of mass with the first carbon atom of the ring.
The binding energy of the complexes under study is of several hundreds of cm
Ϫ1
, while the rotational transitions searched are of some GHz, which involves the calculation of eigenvalues with high accuracy, and hence the use of highly converged basis sets. In order to minimize the number of such functions, a careful choice of the basis must be done, as is described in what follows.
A. Angular basis functions
In the body-fixed frame, the angular basis set functions considered are of the form
where the Euler angles ␣,␤,␥ determine the orientation of the symmetric top with respect to the space-fixed frame. D M ⍀ J * are rotation matrices 25, 26 corresponding to a total angular momentum J with projections M and ⍀ on the z-axis of the space-fixed and body-fixed frames, respectively ͑the total angular momentum operator is, indeed, Ĵ ϭĵϩ l). Y l are usual spherical harmonics for an angular momentum l with a projection on the body-fixed
z-axis.
It is convenient to use symmetry adapted angular basis functions, accounting for the permutation of identical nuclei and the inversion of all the spatial coordinates of the system. The possible permutation operators should be consistent with the rigid rotor approach and do not change the relative positions between the atoms in benzene or cyclopropane. Such permutations are equivalent, in the body-fixed frame, to rotations. For benzene the permutation group is isomorphic with D 6 ͓formed by 2 C 6 (z), 2 C 3 (z), C 2 (z), 3 C 2 (x), 3 C 2 (y) and the identity͔, while for cyclopropane the group is D 3 ͓formed by 2 C 3 (z), 3 C 2 (x) and the identity͔. The inversion of spatial coordinates, E*, with the identity, E, form the group C i , so that the final group of symmetry operators, obtained as the direct product between the permutation group and C i , is D 6h for benzene and D 3h for cyclopropane. The action on the body-fixed coordinates and on the angular basis set of Eq. ͑2͒ is summarized in Table I . The action of the symmetry operators on the angular functions of Eq. ͑2͒ either is proportional to itself or generates a new one with the ⍀, values changed of sign. As a consequence, symmetry adapted angular basis functions are of the form TABLE I. Symmetry operations on the body-fixed coordinates and on the angular functions. Note that for C 2 (x) operators the labels a,b,c correspond to a rotation about an axis in the ring plane containing the first, second and third carbon atom, respectively. Analogously, for the C 2 (y) operators. The rotation matrix is defined according to Refs. 25 and 26 which explains the differences with respect to Ref. 14 where another convention is used.
Symmetry operator Euler angles
Body-fixed polar angles of R
Transformed function
where ⌫ j is the jth irreducible representation of the symmetry operators group. The coefficients A ⍀l J⌫ j and B ⍀l J⌫ j are obtained applying the projection operator of the ⌫ j representation on a given function of Eq. ͑2͒. Thus, these coefficients take the form Tables II and III for the cases of benzene and cyclopropane, respectively.
B. Matrix elements between angular functions
The Hamiltonian matrix elements in the symmetry adapted basis functions of Eq. ͑3͒ are expressed as linear combinations of those expressed in the original basis set of Eq. ͑2͒.
The matrix elements of the ĵ 2 and l 2 angular momentum operators are evaluated by transforming the body-fixed functions of Eq. ͑2͒ to angular functions in the space-fixed frame, by
where R , R are the polar coordinates of R in the spacefixed frame. The space-fixed functions, defined as
are eigenfunctions of l 2 , ĵ 2 and ĵ z 2 , with eigenvalues ប 2 l (l ϩ1), ប 2 j( jϩ1) and ប 2 2 . Using Eq. ͑5͒, the matrix elements of the angular momentum operators between bodyfixed functions are readily obtained as 
Symmetry class
⍀ 0 or 0 ⍀ϭϭ0 O A ⍀l J⌫ j (O) B ⍀l J⌫ j (O) A ⍀l J⌫ j (O) E 1 0 1 C 6 2 cos(Ϫ⍀)/3 0 2 C 3 2 cos 2(Ϫ⍀)/3 0 2 C 2 (Ϫ1) ⍀ϩ 0 1 C 2 Ј 0 ( Ϫ 1) Jϩl Ϫ⍀Ϫ (1ϩ2 cos 2(Ϫ⍀)/3) 3(Ϫ1) Jϩl C 2 Љ 0 ( Ϫ 1) Jϩl (1ϩ2 cos 2(Ϫ⍀)/3) 3(Ϫ1) Jϩl E* (Ϫ1) l ϩϩ⍀ 0 ( Ϫ 1) l S 3 (Ϫ1) l ϩ 2 cos(ϩ2⍀)/3 0 2(Ϫ1) l S 6 (Ϫ1) l ϩ 2 cos(2ϩ⍀)/3 0 2(Ϫ1) l h (Ϫ1) l 0 ( Ϫ 1) l d 0 ( Ϫ 1) J (1ϩ2 cos 2(⍀Ϫ)/3) 3(Ϫ1) J v 0 ( Ϫ 1) JϪ⍀ϩ (1ϩ2 cos 2(⍀Ϫ)/3) 3(Ϫ1) J
The potential term is expanded in spherical harmonics as
where the expansion coefficients fulfill
The potential is symmetric under the reflection through the ring plane, i.e., V(R,,) ϭV(R,Ϫ,). In addition, V(R,,)ϭV(R,, ϩ2n/N) (N being the number of carbon atoms of the ring͒ and ϭ0,ϮN,Ϯ2N . . . . Using this expansion, the potential matrix elements become
with (¯) being 3Ϫ j symbols.
C. Radial basis functions and matrix elements
The radial basis set functions, ⌽ v (R), are eigenstates of a one-dimension Hamiltonian for some reference potential V ref (R) and are numerically calculated. Thus, since the equilibrium configuration of these complexes corresponds to ϭ0 or , the number of functions required to converge the calculation is greatly reduced choosing V ref ϭV(R,ϭ0,).
It should be noted, however, that for complexes with Ne, the number of bound eigenstates supported by a single V ref is not enough and one has to use several reference potentials. As an example, for Ne-cyclopropane a second reference potential for ϭ/2 and ϭ/3 is used, since the total eigenfunctions for this system can reach such a configuration, as it will be discussed in what follows. The corresponding eigenfunctions are further orthonormalized following a Schmidt procedure. 27 Derivatives of radial numerical functions are evaluated using a fast Fourier transform method. 28 All the radial integrals required to evaluate the Hamiltonian matrix elements are calculated numerically. Such procedure involves an error. However, the same integrals are calculated for all the eigenvalues, which compensates errors when considering transitions.
D. Diagonalization
The eigenstates of the total Hamiltonian of Eq. ͑1͒ belonging to the ⌫ j irreducible representation are expanded as
In order to increase the number of accurate decimal figures through the diagonalization, the integer part of the ground eigenvalue, in cm
Ϫ1
, is subtracted to every diagonal Hamiltonian matrix element. Thus, to get eigenvalues with an accuracy of the order of 1 kHz, eight significant figures are converged for the ground state with the basis set chosen as follows. In Eq. ͑10͒, basis functions are added up until weights for all different quantum numbers become smaller than 10
Ϫ10
, the weight of v, for example, being defined as
2 ͑and similarly for ⍀, l and ͒.
The matrices required for such accuracy become very large as J increases ͑being of the order of 40 000ϫ40 000 for the largest J's considered in degenerate representations͒ and a variational method was only possible for Jϭ0. For the simulation of the microwave spectra only the ground van der Waals states for several J and ⌫ j are required. These states are calculated using an iterative Lanczos method which has proven to be very efficient and accurate. 29 In this method, the initial guess is obtained in a diagonalization with a reduced basis set. In each iteration a subspace formed by Ϸ50 functions is generated from the initial guess following the Lanczos algorithm, 30, 31 and the resulting tridiagonal Hamiltonian matrix is diagonalized. The resulting ground eigenvalue is used for the next iteration until the residue ͑overlap between the wave functions before and after each diagonalization͒ is smaller than a given criterion, 10 Ϫ12 in this case.
III. POTENTIAL ENERGY SURFACES
Cyclopropane and benzene are formed by several rings of N identical atoms, all of them centered along the bodyfixed z-axis. For the case of benzene, the equilibrium configuration corresponds to an arrangement of atoms in two circular and concentric rings in a plane, one of carbon atoms, with radius R C ϭ1.395 Å and z C ϭ0, and the second of hydrogen atoms, with radius R H ϭ2.479 Å and z H ϭ0. Cyclopropane is composed of three rings, a central ring of carbon atoms, with radius R C ϭ0.874 87 Å, and z C ϭ0, placed between two parallel rings of hydrogen atoms, with radius R H ϭ1.449 24 Å with z H ϭϮ0.911 52 Å. Thus, the interaction potential is a periodic function of the variable, as we have already discussed. Assuming the knowledge of the PES which will be specified later on, and in order to obtain the V ⌳ (R) coefficients appearing in Eq. ͑8͒, it is convenient first to account for the periodicity of the potential in the variable and perform a Fourier expansion
The gϭ0 coefficient describes the interaction between the rare-gas atom and a continuum ring, while the gϾ0 coefficients account for the corrugation in the potential. Using the property V ⌳͉͉ ϭ(Ϫ1) V ⌳Ϫ͉͉ , ensuring that the potential is a real function, Eq. ͑8͒ can be rewritten as
where ⌰ ⌳ are normalized associated Legendre functions. 25 Comparison of Eqs. ͑13͒ and ͑11͒ leads one to identify
with ϭgN. Hence, the V ⌳ are readily obtained through quadratures involving Fourier coefficients
The rings of identical atoms of benzene and cyclopropane, denoted by ␣, are characterized by a radius R ␣ and by the position of its center on the z-axis, z ␣ . The Fourier expansion is done independently for each ring ␣, obtaining the corresponding W g ␣ , and the total Fourier coefficients of Eq. ͑12͒ are then obtained as the simple addition W g ϭ ͚ ␣ W g ␣ .
Assuming that the van der Waals interaction is described by a sum of Lennard-Jones pairwise potentials between each of the atoms of the ring and the rare-gas atom, the Fourier coefficients for each ring can be obtained analytically through the following expression:
where aϭR ␣ 2 ϩr ␣ 2 and bϭϪ2R ␣ r ␣ sin ␣ ͓with r ␣ ϭͱR 2 ϩz ␣ 2 Ϫ2z ␣ R cos and tan ␣ ϭR sin /(R cos Ϫz ␣ )], and ␣ and ⑀ ␣ are the usual Lennard-Jones parameters associated with the interaction of the identical atoms of ring ␣ with the rare-gas atom. The Fourier expansion convergence depends on the matter density of the ring. Usually, as in the interaction of an atom with a planar surface 33 or with an helicoidal arrangement of atoms, 34, 35 a maximum of three or four terms is required in the expansion to reproduce the standard pairwise sum procedure.
When the rare-gas atom is located on the N fold symmetry axis, the body-fixed z-axis, the zero-order coefficient takes the simple form
and the W gϾ0 ␣ coefficients vanish. Therefore, the zero-order term ͑continuum ring approximation͒ becomes ''exact'' in such configurations. The equilibrium position z e for the raregas atom is obtained analytically in such a symmetric configuration giving two equivalent minima at
or a single minimum at z e Ϫz ␣ ϭ0 when R ␣ у2 1/6 , ͑18b͒
with the minimum value of the potential given by
In summary, the expansion of the potential in spherical harmonics, Eq. ͑8͒, is done in two steps. First, a Fourier expansion is performed in the variable, and the global W g Fourier coefficients of the potential are obtained as the sum of the individual W g ␣ terms obtained analytically for each ring, as explained above. This analytical expansion is faster than a numerical procedure and, what is more important, reduces the error. In the second step, for each Fourier component W g (R,), the V ⌳, (R) (ϭϮgN) coefficients are evaluated numerically using a Gauss-Legendre quadrature.
A. Benzene
There are several ab initio calculations on the potential energy surfaces ͑PES͒ of complexes of rare-gas atoms with benzene. 15, 16, 19 Ab initio data have been fitted with some analytic functions in order to provide a whole PES to be used in spectra simulations. 15 Although the accuracy of these calculations is not enough to reproduce high resolution microwave spectra on these systems, they can provide a way to check the analytic functional forms used to produce empirical PES. The commonly used form, based on a superposition of pairwise Lennard-Jones potentials 11, 12, 17 between the rare-gas atom and each of the atoms of benzene, is able to fit the ab initio points in the region of the well but fails to reproduce the configurations in which the rare-gas atom is in the plane of the aromatic ring. Moreover, it has been theoretically found that the dispersion energy for -electrons of benzene cannot be described by simple atom-atom terms especially in planar configurations, but the error made using these forms is generally small at the equilibrium configuration. 13 Along this line, empirical PES's have been proposed including three-body terms based on Lennard-Jones-type functions that accurately describe the microwave spectra of several complexes of rare-gas atoms with benzene. 3 When the potential of Brupbacher et al. 3 for the case of the Ne-benzene complex ͑in which R C ϭ1.395 Å, V e ϭϪ151 cm Ϫ1 and R e ϭ3.2989 Å) is fitted by a pure pairwise Lennard-Jones potential using Eqs. ͑18͒ and ͑19͒, we obtain ⑀ϭ25.1667 cm Ϫ1 and ϭ3.191 Å. For the C 6v configuration, the pure Lennard-Jones potential coincides with the Brupbacher potential and is in good agreement with high quality ab initio data that have recently appeared 16 ͓see Fig.  1͑a͔͒ . However, in the planar configuration ͑with ϭ/2 and ϭ/6), the pure Lennard-Jones potential overestimates the depth of the well and underestimates the equilibrium distance ͑unfortunately, for this last configuration there are not ab initio data of the same quality͒. In Fig. 1͑b͒ similar plots are shown, but for Ar-benzene, and the ab initio points are taken from Ref. 15 . We observe essentially the same behavior as in the Ne-benzene case, particularly the discrepancies between the three models at planar configurations. The situation for the complexes of Kr and Xe is also similar, indicating that a simple Lennard-Jones pairwise potential is unable to describe planar configurations for X-benzene complexes and three-body terms should be included.
Recent experiments on intermolecular spectroscopy of the Ar-benzene ground state 6, 10 are in very good agreement with bound state calculations 18,10 using the empirical PES already mentioned. 3 The excellent agreement obtained up to a relatively high excitation of van der Waals modes ͑Ϸone-third of the binding energy͒ clearly indicates that the high resolution microwave spectra not only provide detailed information on the structure of the complex but also on the shape of the PES near the equilibrium configuration. The success of this PES, provided that none of the states involved can reach configurations in which the rare-gas atom is in the carbon ring plane, supports the idea that functional forms based on Lennard-Jones-type functions, including three-body terms, are well adapted to describe the PES of rare-gas atoms-aromatic clusters.
For complexes of benzene we use the PES of Brupbacher et al. 3 that can be rewritten in the form
where R i is the distance between the ith carbon of the ring and the rare gas, and ⑀, and ␥ are effective potential parameters which are expressed in terms of the original ones. 3 The effect of the hydrogen atoms was included implicitly in the parameters corresponding to the carbon atoms. The first term in the right-hand side corresponds to pure atom-atom interactions while the second one corresponds to three-body corrections, involving the rare gas and two carbon atoms. The three-body contribution in Eq. ͑20͒ can also be expanded in Fourier series by using Eq. ͑16͒ with the sum restricted to kϭ6. In Fig. 2 , contour plots of the PES for Ar-benzene are shown at two relevant configurations, that in the plane correspond to the rare-gas atom facing a carbon atom, ϭ0, and at equivalent distances from two carbon atoms, ϭ/6. The equilibrium position is at C 6v configu- ration while planar configurations, both at ϭ0 and at ϭ/6, are at much higher energy and show saddle points with maxima as a function of and minima as a function of R.
B. Cyclopropane
The fact that in cyclopropane the hydrogen atoms are not in the carbon ring plane originates new features in the PES of its complexes with rare-gas atoms, leading to noticeable steric effects, absent in X-benzene complexes. In addition, since three-body corrections are mainly attributed toelectrons and cyclopropane is weakly aromatic, its interaction with rare-gas atoms can be described with pure atomatom Lennard-Jones potentials, and no three-body corrections have to be accounted for. Thus, the LennardJones parameters have been fitted to reproduce the high resolution microwave spectra recently reported by Xu and Jäger, 20 and are listed in Table IV . In Fig. 3 two contour plots of the PES for Arcyclopropane are shown. The main difference with respect to Ar-benzene is that in this case there are minima in the carbon ring plane, for ϭ/2 and ϭ/3ϩ2n/3, with a depth comparable to those of the two minima at ϭ0 and , and the barrier between all of them is relatively low. The same happens for complexes of Ne and Kr. This feature of the PES gives rise to a tunneling around the carbon ring, even for the ground van der Waals state of the complexes, which leads to a splitting of the microwave transitions as it has been recently reported for Ne-cyclopropane. 20 This effect is even more notorious for excited van der Waals states as it will be discussed below.
IV. RESULTS AND DISCUSSION

A. Microwave spectra and rotational constants
In order to simulate the microwave spectra, the dipole moment, d, is assumed to be proportional to Y 10 (,). The transition operator in the electric dipole approach, d•e ͑with e being the light polarization vector͒, belongs to the A 1u and A 1 Љ irreducible representations for benzene and cyclopropane, respectively. With this assumption, the typical selection rules involving ⌬Kϭ0 of symmetric tops are obtained. The microwave spectra for all the complexes under study are well described by the energy levels of a symmetric top, of energy E JK . It should be noted that K is an approximate quantum number which in the exact calculation corresponds to the ⍀ of higher probability and is only introduced to compare with the rigid rotor approach. The mixing among ⍀ quantum numbers arises from Coriolis couplings in Eq. ͑7͒. For instance, the EЈ, Jϭ2 state of 20 Ne-cyclopropane (v tun ϭ0), which corresponds to Kϭ1, has a distribution of 0.05, 0.91 and 0.04 for ⍀ϭ0, 1 and 2, respectively, and for Ar-benzene the E 1g , Jϭ2, Kϭ1 eigenstate the decomposition is 0.01, 0.98 and 0.01 for ⍀ϭ0, 1 and 2, respectively.
Simulated microwave transitions for Ar-benzene and complexes of cyclopropane are shown in Table V , compared with the experimental values. 1, 20 The results for Ar-benzene show the reliability of the procedure of this work, since the potential of Brupbacher et al. 3 used was fit to the experimental microwave transitions. 1 As it can be seen, the discrepancies are of a few MHz and may be attributed to the different treatment made on the Coriolis coupling term. In the work of Brupbacher and co-workers, 3 the body-fixed frame was optimized to minimize the Coriolis term and, then, the residual coupling was neglected. On the contrary, in the present treatment the Coriolis term is fully accounted for. Nevertheless, the agreement between the calculated and experimental transitions is excellent, with about four reliable significant figures, and the general trend as a function of J and K coincides with that exhibited by the observed transitions.
The calculated transitions for complexes of cyclopropane are in even better agreement with the experimental data, 20 as can be seen in Table V . The experimental transitions for Ne-cyclopropane show a splitting that was attributed to a tunneling around the plane. 20 This splitting is well reproduced in the calculations presented in this work. The experimental and calculated splittings for the 1,0-0,0 transition are 0.3732 and 0.16 MHz, respectively, for the complex of 20 Ne ͑and decrease to 0.2934 and 0.13 MHz, respectively, for 22 Ne). Even when there is not a quantitative agreement, the calculated shift is of the order of the experimental one and shows the same behavior under isotope substitution. For Kr and Ar-cyclopropane, the calculated splittings are reduced by an order of magnitude, which can explain why they were not observed experimentally. For this reason, in Table V Ar and 84 Kr are 2.67, 0.07 and 0.003 MHz, respectively. As the interaction becomes stronger and the bond more localized, as happens for Ar and Kr, the tunneling probability decreases. The tunneling around the carbon ring is well illustrated in Figs. 4 for 20 Ne-cyclopropane, where contour plots of the ground (A 1 Ј , v tun ϭ0, Jϭ0) and first excited states (A 2 Љ , v tun ϭ1, J ϭ0) are compared. The even A 1 Ј wave function is nonzero in the plane only for ϭ/3 while for ϭ0 is zero, which shows that the tunneling occurs between two carbon atom of the ring. The A 2 Љ wave function, however, is always zero in the plane since it is odd under reflection in the x-y plane. This small difference explains the energy shift between these two states.
As was already mentioned, the energy levels are well reproduced using a symmetric top model for these complexes. The corresponding B, D J and D JK parameters are listed in Table VI and compared with those obtained from   TABLE V 
For Ne-cyclopropane, the calculated D J and D JK spectroscopic constants present larger deviations with respect to the experimental data than for the rest of the complexes of cyclopropane. This is attributed to the larger tunneling splitting for this complex which produces the result that the wave functions are distributed over a larger region of the configuration space, with a nonzero probability of finding the Ne atom in the carbon plane of cyclopropane. As it was discussed above, the analytic form used to describe the PES might not be perfectly adapted to describe such configurations, which would explain the inaccuracy of the PES to reproduce the spectroscopic constants in the case of Necyclopropane.
B. Intermolecular spectroscopy
Microwave spectra provide information on the ground van der Waals level of the complexes, not only in the equilibrium configuration but also on the shape of the PES well, provided that the B, D J and D JK constants are accurately reproduced. As an example, several frequencies for the intermolecular transitions of Ar-benzene have been measured recently using ionization-detected stimulated Raman spectroscopy 6 and ion dip spectroscopy 10 in very good agreement with calculations reported by Riedle and van der Avoird 18 and Neuhauser et al. 10 using the PES of Brupbacher et al. 3 The calculations performed in this work for Ar-benzene are in very good agreement with the previous ones 18 and are listed in Table VII, together with those of   20   Ne-benzene and   84 Kr-benzene, and compared with the available experimental data. 4, 6, 10 All the states present a regular ordering for the different systems and their nature was discussed previously. 10, 18 The good agreement obtained between the experimental and theoretical values using the empirical PES of Brupbacher et al. 3 suggests that the high resolution microwave spectra can provide a good description of the well up to a relatively high energy, at least for Ϸ100 cm Ϫ1 for the case of Ar-benzene, that represents approximately a third of the binding energy.
The first van der Waals levels of the complexes of cyclopropane are listed in Table VIII . The first two states, A 1 Ј and A 2 Љ , are nearly degenerated and are even and odd states with respect to the reflection in the x-y body-fixed plane, the carbon ring plane. The small separation between them arises from the tunneling around the plane, as it was discussed above, and it is a consequence of the low barrier for inversion appearing in complexes of cyclopropane. The planar configuration is stabilized by the interaction of the rare-gas atoms with hydrogen atoms which produces a relatively deep well for the rare-gas atom in the plane and ϭ/3ϩn/3, i.e., the middle of the C-C bond ͑as it is shown in Fig. 3͒ . The first excited van der Waals states are over the inversion barrier, and the ring-plane-tunneling pairs split, so that the energy difference between them (A 1 ЈϪA 2 Љ , A 2 ЈϪA 1 Љ and EЈϪEЉ) becomes of several cm
Ϫ1
. These excited states are mainly located in the three symmetric wells appearing in the x-y body-fixed plane, between two carbon atoms of the ring. This is the reason why a new quasidegeneracy appears be- two degenerate EЈ states arises from a probability of passing from one well to the next one, both of them in the plane, and it is a second kind of tunneling in the cyclopropane complexes.
The excited states of all these complexes spread over a wide region of the configuration space. Therefore, the experimental measurement of the intramolecular spectra of these complexes would provide important information of the PES's in a large region, and not only in the region of the potential well around the equilibrium configuration, as is the case of Ar-benzene. All the motions in the complexes of cyclopropane are strongly mixed, which makes it difficult to assign a characteristic frequency to each individual coordinate.
V. CONCLUSIONS
In this work, empirical potential energy surfaces are presented for complexes of cyclopropane with several rare-gas atoms. The functional form of the PES's is based on pairwise Lennard-Jones-type functions which have been widely used to describe the van der Waals interaction between rare-gas atoms and aromatic molecules. Three-body terms are expected to have a rather small contribution because cyclopropane is only weakly aromatic, while for complexes of benzene they are important. 3, 13 The parameters of the PES's presented in this work were obtained by fitting to high resolution microwave spectra recently reported by Xu and Jäger. 20 To this end, a numerical procedure was developed, based on the Lanczos algorithm and taking into account the full symmetry of these complexes. It has been checked in benzene complexes and allows the accurate calculation of the bound states of the complexes at JϾ0, including Coriolis couplings, where standard diagonalization schemes become unfeasible. Moreover, the potential is expanded in a Fourier series analytically for the functional form chosen, which provides an improvement of the numerical accuracy.
The observed splitting in the microwave spectra of Ne-cyclopropane 20 was reasonably reproduced and is a consequence of the rotational tunneling around the carbon ring of cyclopropane, between two carbon atoms. The ground and first excited van der Waals levels, corresponding to symmetric and antisymmetric states with respect to the reflection in the carbon plane, are separated by only Ϸ10 Ϫ4 cm
Ϫ1
. Ar and Kr complexes also show tunneling splitting, but much smaller, which explains why this effect was not experimentally observed. On the contrary, complexes of benzene do not show such a tunneling process probably because the carbon ring is significantly larger and, mainly, because the presence of hydrogen atoms in parallel rings to the carbon one in the case of cyclopropane yields significant differences. This arrangement stabilizes configurations of the complexes in which the rare-gas atom lies in the carbon ring plane, mainly between two carbon atoms.
Similar rotational tunneling effects have been theoretically predicted in some endohedral fullerene C 60 complexes [36] [37] [38] [39] where the rotational ground state splits in a quasiband composed of 20 rotational states, because there are 20 hexagon wells in the PES used.
The excited van der Waals states for complexes of cyclopropane are above the rotational barrier and, therefore, their probability density is distributed in a wide region of the configuration space. In particular, there is an important probability of finding the rare-gas atom in the carbon ring plane, distributed in the three symmetric wells of the potential placed between two carbon atoms. For this reason, the excited van der Waals states are grouped in triplets, which correspond to three nearly degenerate states ͑either A 1 Ј ,EЈ or A 2 Љ ,EЉ which are symmetric or antisymmetric under reflection in the x-y plane, respectively͒. The small shift in the triplets between the two degenerate states and the nondegenerate state is evidence of a second kind of rotational tunneling. It would be desirable to perform intramolecular spectroscopy studies 5 on these clusters to check the validity of the PES's obtained in this work from high resolution microwave spectra. The success of the empirical PES obtained from microwave spectra 3 may lie in the fact that all the complexes between rare-gas atoms and benzene are well located at the equilibrium configuration. Since the bound states of complexes of cyclopropane spread over a larger region of the configuration space, the adequacy of the empirical PES's determined in this work could be analyzed. Such studies would help to establish the role of three-body terms in the rare-gas atom-cyclopropane clusters and, by comparing with the available data on benzene complexes, in aromatic clusters in general.
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